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ABSTRACT

High-frequency fluctuations of concentration in a plume dispersing in the atmospheric surface layer have
been measured with high-resolution concentration detectors (approximately 270 Hz at the ~6-dB point) to
extract various concentration statistics of the fluctuating concentration field. Crosswind and alongwind variations
of amplitude statistics (e.g., the total and conditional fluctuation intensity, skewness, and kurtosis), the inter-
mittency factor, and the shapes of the concentration probability density function (PDF) are presented. The
behavior of temporal concentration statistics such as the autocorrelation function; power spectrum; PDF of
upcrossing intervals; PDF of excursion durations; various concentration timescales, length scales, and microscales
(e.g., Taylor microscale, correlation scale, length scale based on the spectral peak, etc.); as well as the velocity-
to-concentration timescale ratio are studied. It is shown that all the concentration length scales and microscales
(with the exception of the correlation scale) grow with downwind distance in proportion to the mean

plume width.

1. Introduction

The nature of fluctuations in concentration of a pas-
sive scalar (e.g., pollutant contaminant) released into
the turbulent flow field of the atmospheric surface layer
is of critical importance in many industrial and envi-
ronmental fluid mechanics problems, ranging from air
quality control and regulation of hazards posed by the
release of highly toxic or flammable gases to an un-
derstanding of fast nonlinear physicochemical pro-
cesses required for the design of efficient mixing and
combustion devices. Recently, interest in the prediction
of expected concentration fluctuation levels in plumes
dispersing in the atmosphere has experienced a re-
naissance. While the need to develop statistical models
for the description of potential hazards resulting from
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the accidental release of toxic or flammable gases into
the atmosphere has been recognized for quite some
time (e.g., Gifford 1959; Csanady 1967; Chatwin
1982), fast-response concentration sensors required for
the measurement and characterization of the fluctuat-
ing concentration field have not been available until
recently. This development of fast-response detectors
has generated renewed interest in the detailed structure
of dispersing plumes.

Laboratory measurements of concentration fluctu-
ations in a wind tunnel or water channel have been
made by Fackrell and Robins (1982a), Stapountzis et
al. (1986), Deardorff and Willis (1988), and Bara et
al. (1992). Although laboratory experiments have pro-
vided the most extensive measurements of statistics in
a dispersing plume to date, they are limited in the sense
that the full range of large-scale eddy motions in the
atmosphere and atmospheric conditions (e.g., diabatic
conditions such as extreme stable stratification) cannot
be properly modeled. Consequently, a number of full-
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scale atmospheric field experiments have been under-
taken in recent years to study the turbulent fluctuations
in concentration in a dispersing plume (e.g., Hanna
1984; Sawford et al. 1985; Sawford 1987; Dinar et al.
1988; Peterson et al. 1990; Mylne and Mason 1991;
Mylne 1992; Yee et al. 1993a,b). In spite of these ef-
forts, comprehensive and reliable data on the fluc-
tuating concentration field obtained from atmospheric
experiments are still comparatively rare and certainly
have not provided information as complete as labo-
ratory experiments on the statistical characteristics of
concentration fluctuations.

This paper reports on an experimental investiga-
tion of the statistical characteristics of dispersing
plumes in the atmosphere measured with very fast
response concentration detectors. Among quantities
studied are the concentration power spectra; corre-
lations; length scales, timescales, and microscales;
intermittency factor; higher-order moments of con-
centration; probability density functions of concen-
tration; upcrossing intervals; and excursion dura-
tions. We have used the data to try to better under-
stand the physical mechanisms responsible for
turbulent diffusion, but we envisage that the data
will eventually be useful in the development of sta-
tistical models for calculating atmospheric dispersion
required for practical hazard assessments and oper-
ational or regulatory applications.

2. Experimental procedures

All measurements used in the present study were
carried out in September 1991 and November 1992 as
part of a cooperative Concentration Fluctuation Ex-
periments (CONFLUX ) project involving three de-
fense research establishments in the United States,
United Kingdom, and Canada. The field experiments
were conducted near Tower Grid on U.S. Army Dug-
way Proving Ground, Utah (40°06'N, 112°59'W),
about 2 km west of Camel Back Ridge on the edge of
the Great Salt Lake Desert. The terrain was uniform
and homogeneous, covered with short grass inter-
spersed with a few low shrubs that are less than 0.5 m
in height, providing an upwind fetch that is absolutely
uniform and unobstructed for 5 km or more. We used
wind speed and momentum flux measurements from
three-axis sonic anemometers in conjunction with
Monin-Obukhov similarity relations to determine a
site roughness length z, of about 0.015 m.

The meteorological instrumentation deployed dur-
ing the field experiments conducted in September 1991
(Phase I has been described in some detail by Biltoft
(1991). The siting of the instrumentation masts to form
the measurement array and the prevailing atmospheric
conditions for each of the field trials conducted during
Phase I of the CONFLUX project are also described
in the same reference. The experimental system used
to measure concentration fluctuations in a dispersing
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plume as well as a preliminary analysis of the concen-
tration fluctuation datasets obtained from Phase I using
this system have been described in detail by Yee et al.
(1993a). The field experiments carried out in Novem-
ber 1992 (Phase IT) used the same grid design, but the
sampling line of instrumentation masts was much
longer than that used during Phase I. Briefly, the sam-
pling line used during Phase II consisted of 18 3-m
masts and 2 9-m meteorological masts oriented at 45°
from true north to take advantage of prevailing hight-
time and daytime winds from 135° and 315°, respec-
tively. Sonic anemometer/thermometers (Applied
Technologies, Inc.) were mounted at heights of 4 and
8 m above the ground on each of the two meteorolog-
ical masts. Fiber-optic quartz thermometers (TACAN/
IPITEK Corp.) were installed at 2, 4, 6, and 8 m on
each of the meteorological masts to provide tempera-
ture profile measurements. The data from the sonic
anemometers and fiber-optic quartz thermometers
were sampled at 10 and 1 Hz, respectively, with a com-
puter-controlled digital data acquisition system. Data
were stored on flexible removable hard drives (Iomega
Corp.). In addition, horizontal wind component data
across the field site were collected over two perpendic-
ular 300-m optical paths formed between transmitter
and receiver pairs of two spatially averaged filter scin-
tillometers developed by the National Oceanic and At-
mospheric Administration Wave Propagation Labo-
ratory.

Propylene (C;Hg) tracer gas was released at a con-
stant rate as a point source at a height 4 of 2.5 m. The
gas dissemination system consisted of two propylene
cylinders connected in parallel and immersed in a hot-
water bath. A Matheson 1L-510 regulator was con-
nected to the outlet of the cylinders to ensure a constant
downstream pressure, and a flexible hose was used to
connect the regulator to the inlet fitting of the mass
flow controller (Teledyne Hastings-Raydist). This
controller, which consisted of a sensor, electronic cir-
cuitry, a shunt, and a valve, was used to set, control,
and measure the flow rate of gas through the dissem-
ination system. The controller allowed a constant gas
flow rate to be maintained at a user-selected reference
level (between 1.67 X 107 and 3.76 X 1072 m3s™)
to within about 2%. A quick-release connector mated
the outlet fitting of the mass flow controller to the dis-
semination hose, which was connected to the base of
the disseminator, a section of schedule 40 PVC (poly-
vinyl chloride) pipe 1 m in length and 0.05 m in di-
ameter. :

The concentration analyzers were modified versions
of a photoionization detector (TIP) manufactured
commercially by Photovac, Inc. (Thornhill, Ontario,
Canada) as a handheld detector for air quality moni-
toring. Our modifications to the standard TIP detector
have improved its reliability and robustness for full-
scale atmospheric field experiments as well as its overall
response characteristics and sensitivity for measure-
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ments of the fluctuating concentration field. Up to 10
fast-response concentration sensors, which we call TIP-
SJs, were used during Phase I, and 22 improved fast-
response concentration detectors, which we call TIP-
SJ2s, were used during Phase II of the CONFLUX pro-
ject. Because there is currently no concentration
detector that is capable of resolving the finest scales
existing in concentration fluctuations in a dispersing
plume in the atmosphere, it is important to specify the
response characteristics of the detector to meaningfully
compare measurements of fluctuation statistics made
by various researchers using instruments at different
resolutions and to assess the effect of instrument
smoothing on the perceived concentration fluctuations.
Indeed, Mole (1990) and Chatwin and Sullivan (1993)
have emphasized the importance of accounting for the
effects of instrument smoothing on the analysis and
interpretation of concentration fluctuation data. In
view of this, we have characterized the response time
of our detectors by delivering a narrow pulse of gas to
the sampling inlet of the detector with a swinging pen-
dulum apparatus that allowed a controlled propylene
air jet to exit from its end. The TIP-SJ detector has a
response time of about 0.01 s, implying that its fre-
quency response falls 6 dB at about 100 Hz from its
dc level; the TIP-SJ2 detector has a response time of
about 0.0037 s (viz., the —6-dB point of the frequency
response was about 270 Hz). The detection limits of
the TIP-SJ and TIP-SI2 analyzers were 0.1 parts per
million (ppm) and 10 parts per billion (ppb), respec-
tively. The concentration detectors were placed along
the sampling line of fixed masts at a sampling height
z of 3 m above ground to provide a straight line in the
crosswind direction through the plume. A complete
description of the TIP-SJ and TIP-SJ2 detectors can
be found in Chandler (1991) and Chandler (1993),
respectively.

The data acquisition system for the concentration
data was preceded by antialiasing eight-pole Butter-
worth filters and amplifiers. Data were sampled with
an i486 PC-controlled, high-speed, high-resolution
16-bit analog-to-digital (A/D) input-output board
and multiplexer (HSDAS 16 and SMUX 64, Ana-
logic Inc.) and stored on a high-capacity external disk
drive (1.75 GB) as 16-bit unsigned integers in mul-
tiplexed form. The dynamic range of the converter
is 96 dB (=65 536), allowing the accurate represen-
tation of the instantaneous concentration, which was
found to span about four decades in amplitude. The
raw data from the A/D converter were then demul-
tiplexed, compressed, and archived onto 525-MB
QIC (quarter-inch cartridge) data cartridge tapes.
These data were later uploaded from the QIC tapes
to a Hewlett-Packard 9000 Series 700 computer,
where all data reduction was done. The sampling pe-
riod for the concentration data ranged from 16 to
64 min for experiments conducted during Phase 1
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and 30 min for experiments conducted during
Phase I1.

3. Initial data processing of concentration time series

Preprocessing of the concentration data began with
the drift correction to the baseline level of each con-
centration time series to remove any slow variations
in this level over the sampling period. Each time series
was divided into M segments of length L (i.e., M = N/
L, where N is the number of data points in the time
series), with L chosen to ensure that the baseline level
changed by less than one A /D unit over each segment.
The concentration mean and standard deviation were
then determined for each segment. Assuming that data
segments with no signal present have the smallest stan-
dard deviations, a baseline threshold was chosen at
about four times the minimum of the segment standard
deviations. This threshold was used to identify the data
segments of the concentration time series that con-
tained noise only (viz., these segments contained no
rapid fluctuations of significantly nonzero concentra-
tions). Once the noise baseline segments were identi-
fied, the drift represented by these segments was ap-
proximated by least-squares fitting cubic splines to their
mean levels and then subtracting the resulting curve
from the recorded time series. Next, the resulting con-
centration time series (in A/D units) was converted
to absolute concentration (ppm) by least-squares fitting
a second-degree polynomial to the corresponding cal-
ibration curve and applying this polynomial to the data.
Finally, the calibrated concentration time series was
low-pass filtered on the computer with a zero-phase
Butterworth filter of order 8 with the —3-dB cutoff fre-
quency set at 250 Hz (viz., the amplitude response of
the filter has a roll-off of 160 dB per decade above 250
Hz) to reduce the effects of high-frequency noise.

Following baseline and calibration correction and
high-frequency noise removal, a concentration thresh-
old Xy required to distinguish real concentration signals
from instrumental noise in the (level) baseline was de-
termined by constructing a curve of intermittency fac-
tor v versus concentration threshold Xr. Here, v is
defined as the fraction of the total time in which sig-
nificantly nonzero concentrations are observed (i.e.,
concentrations that exceed a selected concentration
threshold). The selection of a concentration threshold
for the determination of v is used here in conformity
with most other fluctuation studies (e.g., Mylne and
Mason 1991; Bara et al. 1992), but it should be em-
phasized that the shortcomings of this standard defi-
nition of the intermittency have been discussed by
Chatwin and Sullivan (1989). Figure 1 shows typical
experimental data illustrating the variation of vy with
Xr. This curve provides quantitative information on
the sensitivity of intermittency to the choice of a
threshold. For very small concentration thresholds, the
intermittency is near unity. The negative concentra-
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FIG. 1. Effect of the concentration threshold x-on the intermittency

factor v obtained from a sample concentration time series. The arrow

| marks the selection of the concentration threshold (X7 ~ 0.016 ppm)

, chosen to define the true intermittency factor for the concentration
time series.

tions shown in Fig. | result from the baseline correction
that sets the nominal zero concentration level at ap-
' proximately half the amplitude range of the noise. As
the threshold ranges over amplitude levels correspond-
ing to the baseline noise, the intermittency exhibits a
very sharp decrease until the threshold is increased just
- above the noise level, at which point the intermittency
transitions to a gently sloped plateau. The concentra-
tion threshold was selected at the point at which this
 plateau was first attained (e.g., as indicated by the arrow
‘in Fig. 1), and the value of vy corresponding to this
threshold was taken to represent the true intermittency
value. Although the intermittency shows little sensitiv-
ity to the choice of threshold in the plateau region,
further increase in the value of X much beyond this
point would decrease the signal content of the thresh-
olded concentration time series.
With the selection of X, the final stage of the initial
data processing consisted of removing the noise on the
‘baseline. This was accomplished by applying the fol-
lowing nonlinear filter to each conceniration data
point:

Xf(tl)=6k[x(tt)]a i=1:2’37 e ’N, (l)

where X(¢;) is the instantaneous concentration mea-
sured at time f;, A is chosen to be X, and 8,(y)

YEE ET AL. 999

= max (0, y — \). Henceforth, for simplicity, we use
X to denote both the random instantaneous concen-
tration and a value assumed by this random variable.
Hence, the corrected concentration data point x” ()
is obtained by pulling down every measured observa-
tion X(#) by an amount ), taking care to ensure a
nonnegative result (recall that after the baseline cor-
rection, the nominal zero level of concentration cor-
responds approximately to a level in the midrange of
the baseline noise). Computer simulations with syn-
thetically generated data have shown that this nonlinear
filter resuits in substantial improvements in the signal-
to-noise ratio (SNR) for highly intermittent signals
consisting of a few peaks (bursts) standing out from a
constant noise background. It should be noted, how-
ever, that most of the time series analyzed here pos-
sessed good SNR, so application of this nonlinear filter
had only a very small effect on the results. In short,
this nonlinear filter affected the results significantly in
only a few time series where concentrations were near
zero for a large fraction of the time (e.g., time series
measured at the extreme plume fringes), but this filter
was applied to all the time series to ensure an overall
consistency in the preprocessing of the data.

In the following sections, we focus primarily on pre-
sentation of results from the analysis of concentration
data measured during Phase II of CONFLUX. The
results of a preliminary analysis of concentration data
obtained during Phase I have been described in detail
by Yee et al. (1993a; hereafter YKCBB) and will be
used as the basis for comparison with the results ob-
tained from the more comprehensive experiments (e.g.,
longer crosswind sampling lines, greater downwind
range ) conducted during Phase II.

4. Concentration time series and amplitude
concentration statistics

a. Concentration time series

To illustrate various features of concentration fluc-
tuations in a dispersing plume, we have selected three
30-min field trials conducted during November 1992
under near-neutral conditions (i.e., lz/L| < 0.02,
where L denotes the Monin-Obukhov length). Data
summaries of wind velocity and turbulence statistics
for these trials, obtained using a three-axis Applied

TABLE 1. Summary of wind velocity and turbulence statistics measured with three-axis sonic anemometer at the 4-m height. All turbulence
-statistics were averaged over 30-min sampling times. Here, x is downwind distance; A is the source height (2.5 m); U is mean wind speed;
%u, 0y, and g, are the standard deviations of wind velocity fluctuations in the alongwind (x), crosswind (y), and vertical (z) directions,

‘respectively; u'v’and u'w’ are two components of the Reynolds stress or momentum flux; and L is the Monin~Obukhov length.

‘ Date x U oy oy Ow W' uw L
Trial (1992) h (m s (ms™) (ms™) (ms™ (m?572) (m?s7?) (m)
.23 21 November 92 3.3 0.664 0.401 0.263 0.0046 —-0.0636 139
25 23 November 74 5.3 0.826 0.577 0.340 -0.0215 -0.0783 —384
1.042 0.429 00798 01611  —154

27 23 November 24 5.6 1.030
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Technologies sonic anemometer located at the 4-m
height, are presented in Table 1. Here, 6y, 03, and ¢,
are the standard deviations of wind velocity in the
alongwind (x), crosswind (), and vertical (z) direc-
tions, respectively; U is the mean wind speed; and
' and 1’0’ are two components of the Reynolds shear
stress (momentum flux).

Figures 2 and 3 show sample concentration time
series measured by detectors at two points in horizontal
cross sections through a dispersing plume at nondi-
mensional downwind fetches of x/ A = 24 and 92, re-
spectively. These time series are obtained from runs
27 and 23, respectively. The instantaneous concentra-
tion X exhibited in Figs. 2 and 3 has been normalized
by the source emission rate Q for the associated ex-
periment. All the time series show both in-plume tur-
bulent fluctuations resulting in rapidly varying con-
centrations and plume meandering (intermittency) re-
sulting in periods of essentially zero concentration, but
it is evident that the relative contribution of each of
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FiG. 2. Sample concentration time series for trial 27 measured at
(a) |yl/oy,=0.62and (b) | y|/oy=2.Tata nondimensional down-
wind distance x/ % = 24. The instantaneous concentration X has been
normalized by the source emission rate Q. The time series shown
here are plotted after baseline correction, calibration, and noise re-
moval.
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FIG. 3. Sample concentration time series for trial 23 measured at
(2) | yl/ey = 0.252and (b) | y|/ey= 1.3 ata nondimensional down-
wind distance x/ A = 92. The instantaneous concentration X has been
normalized by the source emission rate Q. The time series shown
here are plotted after baseline correction, calibration, and noise re-
moval.

these components to the fluctuations depends strongly
on receptor position (e.g., downwind range and cross-
wind location) and on atmospheric conditions (e.g.,
wind speed and turbulence characteristics). The con-
centration time series provide a strong visual indication
of the wide range of timescales that are responsible for
the complex concentration patterns resulting from a
plume exposure at any fixed receptor.

The time series in Fig. 2a was measured in the vi-
cinity of the mean plume centerline (viz., at | y|/oy
= 0.62, where y is the crosswind distance from the
mean plume centerline and o, is the mean plume dis-
persion) at a downwind range of x/h = 24. It illustrates
a concentration pattern that consists of a series of vari-
able duration bursts of rapidly varying concentration,
punctuated with randomly occurring periods of essen-
tially zero concentration in which the plume itself most
likely meandered horizontally off the receptor in re-
sponse to the larger turbulent eddies. Although periods
of zero concentration as long as 100 s can be observed
in this time series, we note that the majority of the
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zero-concentration periods are of the order of a few
seconds (and consequently are not well resolved in Fig,
2a). Indeed, the clusters of bursts in the time series are
sharp and short and return to zero concentration fre-
quently. In this example, the standard deviation of wind
azimuth ¢, was only about 10°, and, in consequence,
the concentration pattern that was measured simul-
taneously at a fixed receptor located about 30 m in the
crosswind direction from that of Fig. 2a (i.e., toward
the edge of the mean plume at | y|/o, = 2.7) exhibits
relatively fewer concentration events with (on average)
much longer zero concentration periods between events
(c.g., Fig. 2b).

In contrast, the concentration time series shown in
Fig. 3a (measured near the mean plume centerline at
| ¥l/ey, = 0.25 at a downwind distance of x/h = 92)
exhibits a very high intermittency factor (y ~ 0.90).
The high-frequency structure of in-plume concentra-
tion variations, resulting from the various entraining
and contorting processes that mix ambient clean air
with contaminant parcels, is readily evident. In com-
parison to Fig. 2a, the internal fluctuations are more
smoothed out with the result that the concentration
bursts consist of longer periods of nonzero concentra-
tion that fall to zero less frequently. In this example,
plume meandering was present, as can be seen by com-
parison of the time series in Fig. 3a with that in Fig.
3b, the latter of which was measured simultaneously
at a receptor displaced laterally from the one in Fig.
3aby42 m (i.e. at | y|/g, = 1.3). In this experiment,
the wind azimuth standard deviation was about 7°,
and Fig. 3b shows an example of plume exposure off
the mean plume centerline where the receptor may
have been impacted more frequently by the instanta-
neous plume edge than by its centerline (viz., the entire
instantaneous plume was not swept completely over
the receptor as in Figs. 2a and 2b). Based on this con-
sideration, it was judged that the instantaneous plume
width in this example was comparable to the length
scale of the plume meander. In consequence, a sam-
pling point located on the centerline of the mean plume
would lie almost completely within the instantaneous
plume boundary for the entire sampling period as the
instantaneous plume meandered back and forth across
the receptor (cf. Fig. 3a).

b. Fluctuation intensity, higher moments,
intermittency

* Crosswind profiles of the mean concentration C are

given in Fig. 4a for x/h = 24, 74, and 92 (runs 27, 25,
" and 23, respectively). Each mean concentration cross-
section has been normalized by its largest value, Cp.
Following the usual practice, crosswind distance y from
the mean plume centerline is normalized by the mean
plume dispersion o, and centered on the mean wind
direction as determined from the sonic anemometers.
" The mean plume dispersion was determined from the
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FI1G. 4. Crosswind profiles of (2) mean concentration C normalized
by the maximum mean concentration Cy and (b) intermittency factor
-~ measured at three nondimensional downwind distances x/%. Inset
in (a) shows the mean plume dispersion ¢, used to normalize the
crosswind distance y plotted against the normalized downwind dis-
tance x/ k.

measured turbulence statistics using the standard re-
lationship o, = o,xf(x)/U, where f(x) is a dimen-
sionless function of downwind distance whose para-
metric form is described by Pasquill and Smith (1983).
The mean plume dispersion ¢, used in the normaliza-
tion of the crosswind distance y is displayed in the inset
of Fig. 4a as a function of x/hA.

Figure 4b shows the crosswind profiles of the inter-
mittency factor + at various downwind distances. The
intermittency factor exhibits a considerable variation
with downwind distance from the source. It attains a
maximum at the mean plume centerline, where the
instantaneous plume has the highest probability of
being present over a receptor, and decreases to zero at
the outer fringes of the plume, where the instantaneous
plume is absent most of the time. Furthermore, these
examples show that v increases along the mean plume
centerline with increasing fetch downwind, from ap-
proximately 0.25 at x/h = 2410 0.90 at x/h = 92. The
crosswind profiles of v are approximately symmetric
and appear to be approximately Gaussian in form,
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suggesting that, at any given time, the probability of
observing the meandering instantaneous plume at a
distance y from the mean plume centerline can be ap-
proximated by a Gaussian distribution.

In spite of the high-frequency resolution of our sen-
sors (e.g., approximately 270 Hz at the —6-dB point),
we emphasize that the convoluted interface separating
contaminant and clean-air regions in the dispersing
plume contains variations at scales smaller than our
resolution limit, and, in consequence, these variations
will appear mixed to our detectors. Hence, our mea-
surements of intermittency profiles should be inter-
preted as upper bounds on the true values obtained
from an ideal detector that can resolve all scales. Keep-
ing this in mind, our observations of the crosswind
variations of v are qualitatively similar with those ob-
served elsewhere (e.g., Hanna 1984; Dinar et al. 1988;
Mylne and Mason 1991; Bara et al. 1992). In com-
paring and contrasting intermittency profiles measured
in various laboratory and field experiments, however,
it is important to recognize the factors that could affect
the absolute values of the observed intermittency, such
as the ratio of the source size to the integral length scale
of turbulence (Fackrell and Robins 1982b; Chatwin
and Sullivan 1979), the instrument resolution and
sensitivity, and the threshold used to define the inter-
mittency. The maximum mean plume centerline value
of v measured at 60 m under near-neutral conditions
is about 0.3, and this is consistent with results reported
by YKCBB at similar range (50 m) and by Mylne and
Mason (1991). However, our experiments at about
200 m in near-neutral conditions exhibit mean plume
centerline vy values of about 0.9, whereas Mylne and
Mason (1991) observe values between about 0.4 and
0.5 at similar ranges. The differences are most likely
explained by the use of different field sites, which can
influence the nature of the low-frequency motion and
amplitude of the large eddies that cause the instanta-
neous plume to meander across a receptor, thereby
producing the intermittency effect.

The fluctuation intensity, i, is defined as i?
= ¢'?/C% ¢’ = X — Cis the concentration fluctuation,
and ¢'* is the mean-square fluctuation (or concentra-
tion variance). Overbars and primes denote time av-
erages (over the sampling period) and departures
therefrom, respectively. Crosswind profiles of the fluc-
tuation intensity i are displayed in Fig. 5a for various
nondimensional downwind distances, x/#, from the
source. These measured profiles are qualitatively sim-
ilar to those measured by other investigators (e.g.,
Hanna 1984; Sawford et al. 1985; Dinar et al. 1988;
Mylne and Mason 1991). In particular, the lateral cross
sections of i at x/h = 24 appear consistent with the
results of Mylne and Mason (1991) and YKCBB mea-
sured at similar ranges (in both cases, plume centerline
values of i of between 2 and 3 are observed at about
50- to 60-m range), although the present measurements
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skewness S, and (c) kurtosis X measured at three nondimensjonal
downwind distances x/h.

extend the crosswind profiles out to larger normalized
crosswind distances, y/o,. Interestingly, Mylne and
Mason (1991) report a centerline value of i of about
unity at 740 m, whereas our present experiments show
an observed centerline i value of about 0.6 at a shorter
range of 230 m (in spite of the much shorter averaging
period of our detectors compared to those used by
Mylne and Mason). The crosswind profiles of i exhibit
an approximate bilateral symmetry about the mean
plume centerline (i.e., about y/o, = 0). This implies
that the mean wind directions were approximately
perpendicular to the sampling line of concentration
detectors for the examples shown in Fig. 5a.
Crosswind profiles of skewness S= ¢'*/(¢'*)*/* and
kurtosis K = ¢"*/(c'?)? are displayed in Figs. 5b
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and Sc, respectively. The shapes of these profiles are
qualitatively similar to those for the fluctuation inten-
sity. The skewness profiles indicate that the concentration
data are strongly skewed to the right. In general, the kur-
tosis is much larger than that from a Gaussian-distributed
data sequence (where K = 3), indicating that the con-
centration data come from very peaked distributions. In
summary, the lateral profiles of S and K show qualita-
tively similar patterns, with large positive deviations from
Gaussian behavior (e.g., S = 0 and K = 3) observed
throughout most of the plume. In broad terms, these
features of S and K crosswind profiles are in qualitative
agreement with those presented by YKCBB,

Conditional sampling of the concentration data to
remove all intervals of zero concentration provides time
series from which conditional (i.e., in-plume) concen-
tration statistics can be obtained. Accordingly, cross-
wind profiles of conditional fluctuation intensity ip,
conditional skewness S,, and conditional kurtosis K,
are shown in Figs. 6a, 6b, and 6c, respectively. As ob-
served by other researchers (e.g., Sawford 1987; Dinar
et al. 1988; Mylne and Mason 1991; YKCBB), the
conditional statistics exhibit much less variation across
a lateral plume cross section and are generally smaller
in absolute value than the corresponding total statistics.
Nevertheless, it can be seen that the conditional sta-
tistics appear to increase with increasing | y|/ oy, and
that this trend is more clear-cut for the profiles mea-
sured at the longer ranges (e.g., at x/h = 74 and 92),
where the contribution of meandering to the fluctua-
tions was becoming less important relative to the in-
ternal fluctuations of the plume.

Conditional fluctuation statistics reflect the nature
of concentration fluctuations within the instantaneous
(meandering ) plume. The observed dependence of the
conditional statistics on crosswind position suggests
that the instantaneous plume is not similar at points
within the plume cross section. The dependence of i,
on crosswind position in the current experiments at
short range (e.g., x/# = 24) is stronger than those re-
ported by Mylne and Mason (1991) and YKCBB at
similar distances. Also, the present results show a much
more substantial variation of i, with crosswind position
at longer ranges (e.g., x/# = 74 and 92) than those
obtained by Mylne and Mason (1991) at similar or
greater downwind distances (e.g., cf. Fig. 9 in Mylne
and Mason with Fig. 6a). The differences may be
caused by the extent of plume meandering present in
the various field experiments. Indeed, in previous in-
. vestigations by Mylne and Mason (1991) and YKCBB,
i, appeared to be approximately constant across a hor-
izontal plume cross section, implying that most of the
crosswind variation in the corresponding i can be at-
tributed to variation in . The approximate constancy
of i, across a plume is a consequence of strong hori-
. zontal meandering, whereby points in the instanta-
neous plume are exposed uniformly to all sampling
positions through the mean plume horizontal cross
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section. In contrast, results obtained by Bara et al.
(1992) in a water channel show a clear increase of ip
toward the edges of the plume from a minimum at the
mean plume centerline. In the latter experiments, the
horizontal meandering is reduced because of the much
larger source size used and the restriction of the large-
scale turbulent motions by the sidewalls of the water
channel.

In spite of these differences, plume centerline values
of 1.4, 3.3, and 24 for i,, S,, and K, respectively, mea-
sured at the 50-m range in YKCBB compare well with
similar values measured at the 60-m range in the pres-
ent study. Finally, plume centerline values of ipy Sp,
and K, appear to decrease initially [e.g., cf. centerline
values of i,, S,, and K, measured at x/# = 24 with
those measured at longer range (x/h = 50) in Fig. 6].
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This initial decrease can probably be attributed to the
increasing importance of continued molecular mixing,
which smooths the internal plume structure leading to
the progressive loss (dissipation) of finescale, high-fre-
quency fluctuations in the plume at the longer ranges.
Indeed, molecular diffusion (mixing) is the only phys-
ical process in the dispersing plume that can lead to a
reduction in concentration gradients and peak con-
centrations in the plume (Chatwin and Sullivan 1979;
Sawford and Hunt 1986).

¢. Concentration probability distribution

The one-point concentration probability density
function (PDF) provides the distribution of concen-
tration values encountered at a fixed point in the dis-
persing plume and, in consequence, provides the sta-
tistical information required to predict the likelihood
of concentrations exceeding critical thresholds above
which they might be hazardous. The concentration
PDF is important because it provides a more complete
representation of the instantaneous concentration than
the individual moments (e.g., mean, fluctuation inten-
sity, skewness, kurtosis) considered earlier.

Histograms of the instantaneous concentration X
normalized by the mean concentration C were com-
piled by sorting the concentration data into bins and
appropriately normalizing the bin counts to form the
total PDF of concentration f(X/C)—that is,

® X X

JEMe) -
PDFs of normalized concentration were determined
to facilitate comparisons between the results for dif-
ferent positions in the plume. Figures 7 and 8 display
the measured PDFs of x/C at various crosswind po-
sitions in the plume for nondimensional downwind
distances of x/h = 24 and 92, respectively. The PDF
amplitudes in Fig. 7 are plotted on a logarithmic scale
to better compare the large peaks at zero concentration
and emphasize the upper tails. The very sharp and large
peaks at zero concentration, however, are not plotted
in Fig. 8 to emphasize the shape of the PDF at nonzero
concentrations (and, in particular, to show the presence
of the mode at nonzero concentration that is absent
in the PDFs shown in Fig. 7). Figures 7 and 8 clearly
show the variation in the shape of the concentration
PDF as a function of both crosswind distance from the
mean plume centerline and downwind distance from
the source.

At x/h = 24, the PDFs of X/C are strongly peaked
at the origin and decay in an exponential-like tail away
from it. Moving from the mean plume centerline to
the fringes, the peak at zero ‘concentration becomes
more and more dominant (i.e., sharper and deeper),
reflecting the changing shape of the PDF as the inter-
mittency factor v decreases from a value of approxi-
mately 0.26 near the plume centerline (i.e., at | y|/g,

(2)
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~ 0) to a value less than 0.015 at the plume fringes
(cf. Fig. 4b). The PDFs are skewed positively with
heavy upper tails, and the most probable value (mode)
is not the mean concentration because there is a high
probability of detecting pollutant elements of small or
zero concentration (viz., near a small source, plume
meandering is a dominant mechanism for generating
concentration fluctuations, and the amplitude variation
of the zero concentration peak in the PDF through a
plume crosswind cross section is directly attributable
to the variation of ). The upper tails of the concen-
tration PDFs measured in the vicinity of the mean
plume centerline (e.g., Figs. 7a and 7b) are flatter than
exponential, while those of the PDFs measured toward
the plume fringes (e.g., Figs. 7c and 7d) are well fit by
an exponential over three to four decades of the prob-
ability scale.

Farther downwind at x/k = 92, the concentration
PDFs near the mean plume centerline exhibit a bi-
modal form—a narrow sharp peak is observed at or
near zero concentrations and a broad peak is observed
at a higher nonzero concentration of X/C = 1.5 (cf.
Figs. 8a and 8b). This mode at nonzero concentration
is not present in the concentration PDFs observed at
x/h = 24. Furthermore, we note that the peak near-
zero concentration is genuine and cannot be attributed
to noise in the measurements. Its amplitude and po-
sition are virtually unchanged before and after the noise
removal used in the initial processing [cf. Eq. (1)].
Before any noise removal, the small contribution from
the noise is indicated by the presence of very small
PDF amplitudes (e.g., several orders of magnitude less
than the peak at zero concentration ) for concentrations
less than O (recall that negative concentrations occur
because the baseline level is adjusted to correspond to
the mean level of the noise). Moving away from the
mean plume centerline (e.g., as | y|/ g, increases), the
probability of observing small concentrations increases
because there is an increasing probability of encoun-
tering clean ambient air parcels. This is reflected in a
concomitant decrease in the ratio of the amplitudes of
the peaks corresponding to nonzero and zero concen-
trations as | |/ o, increases. Hence, the bimodal form
of the concentration PDF becomes weaker and weaker
as | y|/ o, increases from 0 to approximately 1, after
which the mode at nonzero concentration is no longer
discernible (cf. Fig. 8c). Indeed, at the plume fringes
(e.g., for | y|/ o, 2), the PDF assumes an exponential-
like shape with no mode whatsoever at a nonzero con-
centration (cf. Fig. 8d).

In this study, a unimodal form of the concentration
PDF with a strong peak at zero concentration has been
observed at short range (e.g., around 50 m). At ranges
of between approximately 200 and 325 m, a bimodal
form for the concentration PDF emerges at or near the
mean plume centerline, possessing 2 dominant, sharp
peak at zero concentration and a weak, broad peak at
a nonzero concentration. Interestingly enough, the
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FIG. 7. Probability density function f{x/C) of normalized concentration X/C measured at
various points in a crosswind cross section of a dispersing plume at the nondimensional downwind

distance x/ Ak = 24.

measurements of Mylne and Mason (1991) near the
mean plume centerline at still longer ranges (e.g.,
around 750 m) seem to indicate that the bimodal form
- for the concentration PDF eventually transitions to a
unimodal concentration PDF again but now with the
peak at a nonzero concentration (cf. Mylne and Ma-
son’s Fig. 15, where the peak occurs at around X
== C); the peak at zero concentration appears to have
disappeared altogether as the asymptotic state of plume
development is approached where the intermittency
tends to one and the contaminant parcels in the plume
are becoming well mixed.

It is known that the form of the concentration PDF
is less sensitive to receptor location after removal of

the intervals of zero concentration from the time series
(e.g., after conditional sampling) (Sawford 1987), Fig-
ure 9 shows the measured conditional exceedance
probability distributions of X/C, (the probability of
exceeding concentration X/C,, where C, is the con-
ditional mean) for various positions in a crosswind
cross section through the plume at x/h = 24 and 92.
The profile of conditional distributions at x/h = 24
exhibits a change in shape through a horizontal plume
cross section, but this change is considerably less than
that observed for the corresponding profile of total
concentration PDFs (cf. Figs. 7 and 9a). As in the case
for the profiles for i,, S,, and K, (cf. Fig. 6), the profile
of conditional PDFs at x/h = 24 appears to show a
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greater variation through a horizontal plume cross sec-
tion than that measured by YKCBB at x/ & = 20. Nev-
ertheless, the conditional concentrations that are ex-
ceeded 1% of the time at the mean plume centerline
at x/h = 20 as measured by YKCBB (cf. Fig. 9 in
YK.CBB) and at x/ 2 = 24 as measured in the present
study (cf. Fig. 9a) are about the same—namely, about
6.8C,. We note, however, that the profile of conditional
PDFs at x/h = 92 exhibits a much greater change in
shape across the lateral plume cross section than that
at x/h = 24 (cf. Figs. 9a and 9b). Here, the probability
distributions exhibit longer upper tails with increasing
| v/ oy, an observation that is consistent with the gen-

eral tendency for i,, S,, and K, to increase with in-
creasing | y|/ oy at x/h = 92 (cf. Fig. 6).

Figure 10 illustrates the change in shape with down-
wind distance of conditional concentration distribu-
tions measured near the mean plume centerline. Prob-
ability distributions measured at longer range exhibit
shorter upper tails than those measured at shorter range
(e.g., high in-plume concentrations are observed with
smaller frequency at longer range). For example, the
conditional concentration that is exceeded about 0.1%
of the time at x/ & = 24, 74, and 92 is approximately
11.6C,, 5.6C,, and 3.9C,, respectively. The shorter tails
exhibited by the conditional PDFs at longer range can
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probably be attributed to the continued molecular
mixing that smooths the finescale and high-frequency
structure in the plume. In other words, the plume ap-
pears to be more throughly mixed at longer range, and
this feature is evident on comparison of the concen-
tration time series in Figs. 2a and 3a.

YKCBB described methods for fitting a number of
standard model PDFs [e.g., lognormal distribution
(Csanady 1973); exponential distribution (Hanna
1984); clipped normal distribution (Lewellen and
Sykes 1986 ); gamma distribution (Deardorff and Willis
1988)1 to the observed conditional distributions as well
as techniques to assess the quality of fit to the data
based on quantile~-quantile (QQ) plots. These methods
have been applied to the concentration data obtained
from Phase I of CONFLUX in YKCBB and to Phase
II in the present paper. In YKCBB, it was found that
none of the standard PDFs fit the data well over the
entire range of positions in the plume (e.g., with a range
of between 25 and 100 m in Phase I), and this con-
clusion has not been altered after an analysis of con-
centration data obtained from the longer-range field
experiments undertaken during Phase II (e.g., with a
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range of between 50 and 325 m). Based on YKCBB
and the present results, we found that generally the
conditional concentration PDF, f(x/C,), was best
modeled with the gamma distribution, particularly for
downwind distances and atmospheric stability condi-
tions in which the plume structure approached a more
homogeneous state. This state was achieved either un-
der stable stratification, when the plume structure ap-
peared to be less fragmented and more coherent, or at
a greater downwind range, when the contaminant par-
cels in the plume were more well mixed (i.e., from the
continued action of molecular diffusion).

Finally, Yee et al. (1993c) showed that the change
in shape of the total concentration PDF as a function
of downwind distance, x/#, and crosswind position,
y/ o5, can be modeled using a meandering plume model
with internal fluctuations. Here, it was demonstrated
that a meandering plume model that explicitly incor-
porated the effects of small-scale structure in the in-
stantaneous plume was able to reproduce many of the
features observed in the total concentration PDF doc-
umented here. Furthermore, this physically based
model led to a far greater diversity in shapes for the
concentration PDF in a dispersing plume than is em-
bodied in the simple PDF forms taken from elemen-
tary statistics (e.g., exponential, lognormal, clipped
normal).

5. Temporal concentration statistics
a. Power spectra and autocorrelations

In this section, some results are presented from cor-
relation and spectral analyses of the concentration
fluctuation time series. The autocorrelation function
R(7) of the concentration time series at a fixed sam-
pling point has its usual meaning here—that is,
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FiG. 10. Exceedance probability distributions of conditionally
sampled and normalized concentration X/C, measured near the mean
plume centerline at three nondimensional downwind distances x/ .
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[x(2) = ClIx(t + 7) — C]

[x(r) = CI? ’
where X(t) is the concentration time signal measured
at time ¢, and 7 is the correlation lag time.

Figure 11 exhibits sample autocorrelation functions
R(r) corresponding to the concentration time series
shown in Figs. 2 and 3. The autocorrelation functions
show the range of timescales that are responsible for
the concentration patterns exhibited in Figs. 2 and 3.
In Fig. 1 1a (measured in the vicinity of the mean plume
centerline at x/h = 24), the autocorrelation function
exhibits a small-lag-time portion that decays rapidly
toward zero. This implies that the time interval over
which the small-scale structures within the instanta-
neous plume remain well correlated is short (i.e., the
plume timescale is short). This autocorrelation func-
tion is similar to those measured by Dinar et al. (1988),
Mylne (1992), and YKCBB under near-neutral sta-
bility for downwind distances less than about 100 m.
This form of the autocorrelation function is typical of
the case where the entire instantaneous plume sweeps
over the receptor a large number of times within the
sampling period as the result of a nearly periodic
meander component.

Figure 11c corresponds to an autocorrelation func-
tion that was measured near the mean plume centerline
at x/h = 92. In this case, the initial decay toward zero
is not as rapid as in Fig. 11a, implying that the high-
frequency in-plume fluctuations remain correlated for
a longer time (viz., the plume timescale 1s longer at
the greater downwind location). At longer lag times,
however, this autocorrelation function exhibits broad
quasi-periodic secondary peaks that are associated with
low-frequency plume meander. In this case, however,
the scale of the horizontal plume meander was com-
parable to that of the instantaneous plume width,
causing the instantaneous plume to meander back and
forth over the receptor position without ever wandering
off it (i.e., the plume was almost always present at the
sampling point, as can be seen by examining Fig. 3a).
Finally, Fig. 11d shows an autocorrelation function
measured off the mean plume centerline at x/ 2 = 92.
Here, at longer lag times, the autocorrelation exhibits
a number of sharp and quite prominent secondary
peaks that are much more pronounced than those
found in an autocorrelation measured near the mean
plume centerline at the same downwind distance. In
this case, the autocorrelation pattern is typical of the
case where only the fringes of the instantaneous plume
are impacting a receptor located near the outer limits
of the plume meander, generating a series of concen-
tration bursts (cf. Fig. 3b) whose decorrelation and
* recorrelation as a function of lag time produce the
multiple peaks in the autocorrelation function of Fig.
11d. It is interesting to note that the myriad of forms
in the autocorrelation function that we have observed
in the dispersing plume are similar qualitatively (if not

R(r)= (3)
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quantitatively ) with the correlation features predicted
using a sinusoidal meandering plume model ( Peterson
et al. 1990).

Figure 12 exhibits power spectral densities of con-
centration fluctuations measured near the mean plume
centerline (where the intermittency factor was as large
as possible ) at several downwind distances under a va-
riety of atmospheric stability conditions. The sample
concentration spectra have been extracted from various
experiments conducted during both Phase T and 11 of
CONFLUX. Figure 12 depicts S(n) scaled by n/o%
on the vertical axis and # scaled by the local value of
o,/ U on the horizontal axis. Here, S(#) is the concen-
tration power spectrum, oz = ¢'* is the concentration
variance, and # is the frequency (Hz). The overall nor-
malization for S(n) was selected so that

J; S(n)dn = ok.

The scaling for the concentration power spectrum used
in Fig. 12 was suggested by Hanna and Insley (1989).
There is a moderate collapse of power spectra obtained
using this scaling, but the power spectra certainly do
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not collapse upon a universal curve, Furthermore, there
appears to be no apparent functional relationship be-

~ tween the ordering of the spectra based on amplitude

and atmospheric stability as embodied in the stability
parameter z/L.

The concentration power spectra are composed of
three subranges: the variance-production subrange, the
inertial-convective subrange, and the dissipation sub-
range. The dissipation subrange in which the spectra
are affected by the process of molecular diffusion is
beyond the temporal resolution of our concentration
detectors, and this inadequate instrument performance
is reflected in the steep spectral roll-off in the power

spectra for no,/U = 200. In Fig. 12, a line having a
slope of —2/3 has been included to indicate the extent
of the inertial-convective subrange. Most of the con-
centration power spectra are seen to exhibit a significant
—5/3 power-law region [i.e., n.S(n) ~ n~%/3] spanning
about two decades from no,/ U = 3 to 100. This region
corresponds to the inertial-convective subrange asso-
ciated with the range of scales at which concentration
variance is transferred from large to small scales with
no production or dissipation. As noted by Mylne and
Mason (1991), this range is associated with those fre-
quencies that correspond to scales of motion that are
small relative to the instantaneous plume width. In
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consequence, Mylne and Mason (1991 ) remarked that
their detectors were not sufficiently responsive to re-
solve the inertial-convective subrange for concentration
spectra measured at ranges less than 100 m under near-
neutral conditions, although this subrange was clearly
evident in their spectra measured at longer ranges (e.g.,
at several hundred meters), where the plume timescales
were longer. Using our faster-response detectors, the
inertial-convective subrange is clearly evident even in
concentration spectra measured at the shorter ranges
(cf. Figs. 12a and 12b) under approximately neutral
stability.

Interestingly, we note that concentration spectra
measured under extreme stable stratification (e.g., cf.
Fig. 12d, where z/L = 3.33) do not appear to exhibit
a well-defined region where the spectral slope obeys
the — 5/3 power law, in contrast to spectra measured un-
der either near-neutral or slightly stable stratification
at the same downwind range (e.g., cf. Fig. 12d with
Fig. 20 in YKCBB). This may indicate that under ex-
treme stable stratification, there is a short circuit of the
concentration variance cascade that transfers fluctua-
tion variance from large to small scales, implying that
internal mixing processes within the plume may have
been suppressed. Indeed, under very strong stable
stratification, the buoyant suppression of turbulent
stirring and active mixing in the plume may ultimately
alter the fluctuation variance cascade.

The low-frequency end of the concentration spectra
corresponds to the variance-production region (e.g.,
nay/ U < 1) and shows greater variability in behavior
than the inertial-convective subrange. Indeed, the low-
frequency end of S(#) embodies information on the
large-scale eddies and the effects of meandering of the
horizontal wind direction, and, in consequence, these
eddies would not be expected to have a structure of
universal form in contrast to the inertial-convective
eddies. Because the inherent statistical scatter in the
spectral amplitude estimates is larger at the lower fre-
quencies (viz., a low-frequency component contributes
fewer cycles of motion over which to average in any
given fixed sampling period) and hence can lead to
ambiguities in interpretation, it is necessary to be cau-
tious in the interpretation of features in the low-fre-
quency end of the concentration spectrum. With this
caveat in mind, we note that some of the concentration
spectra appear hump shaped and exhibit a single broad
peak at noy,/U ~ 1, marking the beginning of the in-
ertial-convective subrange (e.g., cf. spectra shown in
Figs. 12a and 12b).

If frequency is not normalized by mean plume width,
oy, the spectral peak frequency marking the beginning
of the inertial-convective subrange was generally found
to shift toward lower frequencies with increasing
downwind distance from the source. This observation
is consistent with results reported by Mylne and Mason
(1991) and YKCBB.
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b. Upcrossing interval and excursion duration
probability distributions

The instantaneous concentration time series X(z)
exhibits an upcrossing of the mean concentration level
C at time o if X{(#) crosses the constant level C with
positive slope. Similarly, X(¢) exhibits a C downcrossing
at time ¢, if X(¢,) crosses the mean concentration level
with negative slope. The duration of an excursion about
the mean concentration level is defined as the time
interval between an upcrossing and the subsequent
downcrossing of C. The time interval ¢, between suc-
cessive upcrossings of the mean concentration and the
excursion duration #, about the mean concentration
were extracted from the concentration time series by
locating and marking data points whenever they
crossed the mean concentration level and identifying
the slope as positive or negative. Probability density
functions f(¢,) and f(¢,) were then generated from the
upcrossing time intervals and excursion durations. The
upcrossing interval and excursion duration statistics
characterize the concentration time signal as a series
of discrete events (i.e., an episodic perspective ), rather
than as a superposition of harmonic waves as in spectral
analysis (i.e., a harmonic perspective).

Figure 13 shows the crosswind variation of the PDF
of upcrossing intervals, f(¢,), over the mean concen-
tration level for two downwind positions, x/# = 24
and 92. The PDFs measured across the plume at each
downwind location collapse down quite well. Depar-
tures from a perfect collapse occur in the extreme upper
tails, where there is a higher probability of observing
longer upcrossing intervals at the plume fringes because
the plume is more intermittent there. For example, at
x/h = 92, upcrossing intervals greater than approxi-
mately 100 s are not observed near the mean plume
centerline, but upcrossing intervals as large as 600 s
are observed at the plume edges (| y|/oy =~ 2). The
sharp turn in the tails of the PDF for ¢, 2 100 s is easily
understood. Because the upcrossing intervals are
bounded above by the sampling time, the upper tails
of the upcrossing interval PDFs must terminate at finite
values.

If the concentration time signal was periodic, f(¢,)
would reduce to a single Dirac delta function located
at the period of the wave. Any randomness in shape
and arrival of the concentration pulses would result in
a broadening of any peak in f(z,). The upcrossing in-
terval PDFs exhibit a single broad probability peak—
the most probable upcrossing interval (mode) is found
to be ~0.006 s. For ¢, = 0.006 s, f(¢,) exhibits a power
law f(¢,) ~ &7, where the exponent p has an almost
constant value of 8/5 for all positions in the dispersing
plume. This power law fits the upcrossing interval PDF
over five to six decades of the probability scale. The
upcrossing intervals determine the times between suc-
cessive concentration bursts. The observation that the
time between two concentration bursts follows a power-
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wr T T e T persistence times of concentration bursts that pass by
(@) xh=24 the receptor position. In this regard, we note that near
10" ' " 1 the mean plume centerline, an excursion duration as
10° L 1 longasapproximately 10 s is observed at x/A = 92, in
i i contrast with a maximum excursion duration of 3 s
Ta, 107 1 measured at x// = 24. This suggests that the charac-
= 102} { teristic timescales of the in-plume fluctuations are
= Lf o« ] longer at greater downwind distances. This behavior is
10 i s 026 L ¥ consistent with an increase in the plume timescale with
10#¢L | o o082 !Jg%u 1 increasing downwind fetch, as observed in the time
ol | 50 eﬁ%v i required for the initial decline of the sample autocor-
0 4 i %‘RV@O 1 relation function (e.g., cf. Figs. 11a and 11c). All these
10°} observations are consistent with a visual examination
1% of the time series displayed in Figs. 2a and 3a, in which
. it is quite evident that concentration bursts at x/4
10" ¢ = 24 appear to be short, whereas those at x/4 = 92
10° [ appear to be more prolonged (i.e., consist of longer
~ periods of sustained nonzero concentrations).
T, 107 X, In YKCBB, the distribution of gap and burst du-
5 107 % rations in concentration fluctuation data was deter-
= 10k e %@ ] mm@d (viz., r_espectively, upcrossing intervals and ex-
e s cursion durations referenced to the zero concentration
0 | e o 5% ’
- 3
10°3 E 2 ]1.(15 &%?ﬁ% b F T T T T T -
v 20 AR Y 10°L 4
L . - ?
w0* 100 100 100 10 10? 10° 10 L ]
t, (s) ~ 10°L ]
FIG. 13. Probability density function f{,) of upcrossing intervals 2
1, over the mean concentration measured at various points in a cross- g 101, 4
wind cross section of the plume at nondimensional downwind dis- * z
tances (a) x/h = 24 and (b) x/ h =92, The dashed line, corresponding 102} 026 S ]
to a slope of —8/s, indicates the extent of the power-law region for ] g 062 g gbo
f(tu)- 10'3 L i (1);_5 X*VEIAOO k-
: & ¥ ]
law distribution rather than an exponential distribution 10%¢ o 3
implies that these bursts do not occur randomly in R
time and are not independent of each other. 10
Figure 14 shows the PDF of excursion durations f{(7,) 10
measured at various points in a crosswind direction
through the plume at two downwind locations. The . 10°
collapse of the excursion duration PDFs upon a single = .
curve is limited to the shorter excursion times corre- 3 107
sponding to the smaller-scale structures in the plume. *~ 102
Nevertheless, the collapse of f(¢,) in this region is very | 4 oor2 o8,
good, suggesting that the form of the corresponding 10°g | o 0% %g%
small-scale plume structures remains the same as a L x 1 ox é’;
function of crosswind and downwind position in the 10% | ¢ ;lg 5o
plume. The most probable excursion duration occurs s o ettt oot e it e e
at about 0.003 s. For excursion durations approxi- 10* 10°? 10? 0! 10° 10! 10*

mately greater than or equal to 0.003 s, f(¢,) follows a
power-law distribution [i.e., f(z,) ~ t,” with an ex-
ponent r of about 3/ that is independent of the obser-
vation point in the plume]. Again, it is noted that the
power-law part of the PDF is extensive, spanning a
range of over five decades on the PDF scale. The dis-
tribution of excursion durations reflects the range of

te (s)

FIG. 14. Probability density function f(z.) of excursion durations
L. over the mean concentration measured at various points in a cross-
wind cross section of the plume at nondimensional downwind dis-
tances (a) x/h = 24 and (b) x/h = 92. The dashed line, corresponding
to a slope of —3/2, indicates the extent of the power-law region for

().
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level, rather than the mean concentration level con-
sidered in the present study). Here, it was found that
the burst duration distribution also followed a power-
law distribution, but with a power-law exponent of
—17/5, which is different from the exponent of —3/> deter-
mined for the excursion duration (about the mean
concentration) PDF (cf. Fig. 14 with Figs. 16 and 17
in YKCBB). The dynamical characteristics in a dis-
persing plume that are responsible for the change in
the distribution shape of upcrossing intervals and ex-
cursion durations about various fixed concentration
levels are not known at this time. It is conceivable that
simple modeling concepts such as the meandering
plume model developed by Peterson et al. (1990) may
lead to further understanding of this phenomenon. A
more extensive study of these level-crossing distribu-
tions is certainly warranted in view of their importance
in practical applications (e.g., Kristensen et al. 1989;
Yee et al. 1993b).

c. Timescales, length scales, and microscales

A number of timescales can be extracted from the
concentration time series. Toward this objective, we
define the following timescales:

(i) A correlation timescale Ty of concentration
fluctuations can be determined from the autocorrela-
tion function R(7) as follows:

Ty = J; R(7)dr, 4)

where 7, is the e-folding time for the autocorrelation
function [ viz., the time lag when R(7) first falls below
e~!, 5o 7, is the lag time such that R(7,) = e~']. For
our data, the usual integral timescale found by inte-
grating the autocorrelation function over the entire
range of lag times [e.g., 7 € [0, co)] does not exist
because the autocorrelation function generally does not
decay to zero at long lag times. Indeed, in certain cases,
the large-scale meandering motion (i.e., large compared
to the scale of the instantaneous plume width) intro-
duces a low-frequency component in the measured
concentration time series that produced quasioscilla-
tions in the autocorrelation function that are sustained
even at long lag times (cf. Fig. 11).

(ii) A timescale T can be derived from the inverse
of the frequency at the spectral peak:

(5)

where n,, is the frequency corresponding to the peak
of the concentration power spectrum.

(iii) Two physically meaningful timescales can be
derived from the statistics of upcrossing intervals and
excursion durations about the mean concentration,
where

1
TP— LT

T, =E; (6)
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is the expected or mean time interval between succes-
sive upcrossings of the mean concentration, and

T.=t (7

is the expected or mean excursion duration from the
mean concentration.
(iv) The Taylor microtimescale T is defined as

2? 1/2 -2 1/2
Tr= [(ax/az)z] - [dzR(T)/dTZ]

=0

(8)

The microtimescale is evaluated by fairing a smooth
cubic-spline approximation to the observed autocor-
relation function near zero lag using generalized cross-
validation to estimate the smoothing parameter
(Craven and Wahba 1979) and then evaluating the
second derivative of the computed spline at zero lag
(calculating the limit curvature of the autocorrelation
function as 7 = 0). We stress that the Taylor micro-
scale measured here is appropriate for concentration
time signals measured by our detectors and as such is
conditioned by the time constant implicit in the in-
strumental averaging. In consequence, the values of
the Taylor microscale considered here are not for the
unfiltered concentration signal (viz., the signal for
which the finest scales in the dispersing plume have
been resolved). Indeed, the Taylor microscale for the
unfiltered concentration time series is undoubtedly
considerably smaller because of the extreme reduction
and sensitivity of the concentration derivative variance
[cf. (8)] to instrumental smoothing (Yee et al. 1993b).
It is more appropriate to consider physical length
scales of motion related to turbulent concentration
eddy sizes in the plume rather than timescales, because
timescales at a fixed receptor position in a plume are
dependent on the mean wind speed U and as such
become shorter as U increases. Using Taylor’s “frozen
flow” approximation, the timescales defined previously
can be converted to various length scales of the plume
by normalization with the mean wind speed U: A
= UTy is the correlation length scale; Ap = UTpis the
length scale based on the spectral peak; A, = UT, is
the length scale associated with the mean spacing be-
tween concentration bursts; A, = UT, is the length
scale associated with the mean size of concentration
bursts; and Ay = UTris the Taylor micro-length scale.
We note that the Taylor micro-length scale, Ay, does
not represent the average size of the dissipative eddies,
which is of the order of the Batchelor length scale Ap
= (D%/€)'/* [v is the kinematic viscosity of air, D is
the molecular diffusivity of the scalar (propylene) in
air, and ¢ is the mean viscous dissipation rate]. For the
case of diffusion of propylene into air, the Schmidt
number Sc = v/D ~ 1, so the Batchelor length scale
at which molecular diffusion in the concentration field
becomes important is comparable to the Kolmogorov
length scale, Ax = (v*/¢)'/*, at which viscous dissi-
pation in the velocity field becomes important.
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At a fixed downwind distance, A,, A+, and A, were
found to be approximately constant across a crosswind
plume cross section. These three length scales are mi-
croscales that are determined primarily by the small-
scale molecular mixing and turbulent stirring in the
plume (i.e., by the internal mixing processes within
the plume). In contrast, the length scales Ap and A,
exhibit variations in a lateral cross section through the
. plume. As an example, Fig. 15 shows the crosswind
- variation of A,, at several downwind locations. As would
be expected, A,, which reflects the mean spacing be-
tween concentration pulses, increases toward the plume
fringes, where the intermittency is lower. Length scales
Ap and A, are affected by the large-scale meandering
motions of the plume, and this is mirrored by the vari-
ation in the crosswind distribution of these scales. In
consequence, the latter scales contain information on
" plume meandering but embody little information on
the small-scale mixing processes in the plume. Inter-
estingly, we found that the behavior of the correlation
scale A, is generally different than that of the length
* scale derived from the spectral peak, Ap. This difference
may be attributed to A, being an integral estimate of
the separation distance at which concentration fluc-
tuation measurements within the plume remain well
correlated, whereas Ap reflects the dominant length
scale associated with the concentration fluctuations
(which in many cases would be determined by the

longer meander timescale).
~ The downwind development of the various length
scales along the mean plume centerline is presented in
Fig. 16. Here, the length scales have been normalized
* by the mean plume crosswind dispersion ¢,. The data
have been taken from a number of field experiments
conducted during both Phase I and II of CONFLUX
and encompass a variety of downwind distances, in-
' termittency factors, and atmospheric conditions. With

20

15

10

A, (m)

F1G. 15. Crosswind profiles of the upcrossing interval length scale
A, measured at three nondimensional downwind distances x/ A.
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FI1G. 16. Downwind development of a number of length scales
that have been normalized by the mean plume dispersion ;. The
length scales are the correlation scale A, the Taylor microscale Ar,
the excursion duration scale A, the spectral peak scale Ap, and the
upcrossing interval scale A,,.

the exception of A,, all length scales are found to in-
crease roughly proportionally with o,. Interestingly,
normalization of length scales by the mean plume dis-
persion allows comparisons between results for differ-
ent stratification strengths (viz., the normalized length
scale is only weakly dependent on the stability param-
eter z/L). Although there is considerable scatter in the
data points (the spread ranges from an octave to a de-
cade for the measured length scales), the Taylor and
excursion duration length scales appear to be smaller
than the spectral-peak length scale, with the upcrossing
interval length scale (A,) intermediate between these
two sets of scales. The smallest length scale of the group
is the Taylor microscale.

Interestingly, the correlation length scale A, increases
with downwind fetch x at a rate that is somewhat faster
than the growth of ¢, (cf. Fig. 16a). In particular, a
least-squares fit of A, with x shows that A,/o;, ~ (x/
h)3/2_ Tt is unclear what physical processes in the dis-
persing plume are associated with the length scale A, .
The timescale T, may be associated with the charac-
teristic time taken for the dominant-sized concentra-
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tion eddies within the instantaneous plume to be ad-
vected by the mean wind past the receptor position in
the alongwind direction (and hence, as mentioned ear-
lier, may represent the timescale over which concen-
trations fluctuations in the plume remain well corre-
lated). If so, Tx ~ ¢;/U, and A4/o, ~ 0;/0,, where
o; denotes the instantaneous plume width. Close to the
source, the standard deviation of lateral concentration
distribution in the plume grows linearly (i.e., 6, ~ X).
If we adopt the relative diffusion law of Richardson
(1926) so o; ~ x3/%, this implies that Ay/a, ~ (x/
h)'/?_ This is at variance, however, with our obser-
vation that Ay/g, grows at a much greater rate [e.g.,
~(x/h)*?].

Finally, we consider the velocity-to-concentration
field scale ratio

2k/e
U?T%/12D°

where I is the ratio of the timescale of the turbulent
velocity field, 2k/e (which is the ratio of turbulent ki-
netic energy of velocity fluctuations to the mean viscous
dissipation rate), to a timescale of the concentration
field, U?T%/12D (which is based on the Taylor mi-
croscale ). The molecular diffusivity D of propylene in
air was estimated from the correlation relationships
given in Reid et al. (1987). Here, k = 0.5(¢% + o2
+ ¢2) is the turbulent kinetic energy of velocity fluc-
tuations and was obtained directly from the sonic an-
emometer data. The turbulent kinetic energy (TKE)
dissipation rate ¢ was determined from

3
Uy z
=— Qe e
¢ KZ (L)
where u, is the friction velocity, « is von Karman’s
constant (~0.4), and ®(z/ L), the dimensionless pro-

file of TKE dissipation rate in the diabatic surface layer,
is given by

I= -(9)

(10a)

<1>E(3>=1—5 <0 (10b)

L L’ L
for unstable and neutral conditions (Panofsky and
Dutton 1984) and

z z 0.673/2 z
@e(z)—[l+2.5(z) ] , Z>0

for stable conditions (Wyngaard and Coté 1971).
Figure 17 shows the downwind development of II
near the mean plume centerline, The velocity-to-con-
centration timescale ratio appears to attain a nearly
constant asymptotic value of approximately 0.35 for
x/h 2 30 (at least over the downwind range covered
by our measurements). The concentration data used
to construct Fig. 17 were extracted from field experi-
ments conducted during Phase I and II of CONFLUX,
and as such they encompass a broad range of atmo-

(10c)
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FiG. 17. Downwind development of the velocity-to-concentration
timescale ratio I1.

spheric stratification (—0.15 € z/L < 3.0). Given the
statistical scatter in the determination of I, we judged
that there was no major difference in the velocity-to-
concentration timescale ratio that can be attributed to
atmospheric stability (at least over the range of at-
mospheric stratification covered by our data).

6. Conclusions

The amplitude and temporal statistics of concentra-
tion fluctuations in a plume dispersing from a point
source in the atmospheric surface layer have been
measured with a very fast response concentration de-
tector. The main conclusions of the present study can
be summarized as follows:

1) Crosswind profiles of i, §, and K are approxi-
mately symmetric in a crosswind plume cross section
about the mean plume centerline. This symmetry re-
flects the approximately stationary mean wind speed
and direction and turbulence characteristics of the at-
mosphere over the sampling period. Mean plume cen-
terline values of y are nondecreasing with downwind
distance, at least over the range of x// between ap-
proximately 10 and 130 represented by our data.
Crosswind profiles of i,, S,, and K, are found to exhibit
a dependence on crosswind position (e.g., they exhibit
a minimum at the plume centerline and increase to-
ward the fringes), but this crosswind variation is much
less pronounced than that observed in the correspond-
ing total statistics. The crosswind variation of i,, S,
and K, in a horizontal plume cross section is more
significant at longer ranges, where meandering is less
important,

2) The shape of the total concentration PDF de-
pends strongly on crosswind and downwind location
in the plume. Close to the source in the meander-dom-
inated regime of plume development, the concentration
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PDF appears exponential-like with a large peak at zero
concentration associated with plume intermittency due
to meandering; this mode at zero concentration in-
creases as the receptor position moves off the mean
plume centerline, reflecting the greater probability of
finding unmixed ambient (i.e., clean) air at the plume
fringes. Farther downwind in the regime of plume de-
velopment where contributions of plume meandering
and internal structure to fluctuations are comparable,
the total concentration PDF on the plume axis becomes
bimodal; the peak at zero concentration reflects the
intermittency due to plume meandering, and the sec-
ondary peak at nonzero concentrations reflects the
contribution of the in-plume structure. At even greater
downwind distances, in the turbulent-diffusive regime
of plume development where contributions of internal
fluctuations are becoming dominant, the concentration
PDF on the plume centerline assumes a unimodal form
again, but now with a peak at a nonzero concentration
[results of Mylne and Mason (1991) seem to indicate
that this mode occurs at X = C].

3) The concentration power spectra measured at
various positions in the plume and under a variety of
atmospheric stability conditions exhibit a moderate
~ collapse when a scaling proposed by Hanna and Insley
(1989) is applied, but this collapse is far from perfect.
The spectra measured under near-neutral to slightly
stable stratification exhibit an extensive inertial-con-
vective subrange (i.e., an approximate — 53 power-law
~ region) spanning approximately two decades in fre-
- quency. The frequency marking the beginning of the
inertial-convective subrange decreases (i.e., the extent
of the inertial-convective subrange increases ) with in-
. creasing downwind fetch, The downwind variation of

this frequency is consistent with the usual picture of
successive cascades to the Batchelor scale in the plume,
which must necessarily scale with the instantaneous
plume width o; at which the cascade begins. Concen-
tration spectra measured under extreme stable strati-
fication (where turbulence energy levels are very low
as a result of suppression of turbulent motions by the
buoyancy forces) do not appear to support a clear in-
ertial-convective subrange, implying a short circuit of
the fluctuation variance cascade under these condi-
tions.

4) The PDFs of upcrossing intervals and excursion
durations over the mean concentration, measured at
a number of crosswind and downwind positions in the
plume under a variety of atmospheric stability condi-
tions, are approximately self-similar when attention is
confined to the shorter upcrossing intervals and ex-
cursion times ( e.g., timescales associated with the small-
scale structures in the dispersing plume). The most

_probable values of upcrossing intervals and excursion
durations over the local mean concentration level were
0.006 and 0.003 s, respectively, independent of position
in the dispersing plume. Beyond these modes, the PDFs
of upcrossing intervals and excursion durations are well
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approximated by power laws with power exponents
—8&sand — 35, respectively, overabout fivetosix decades
of the probability scale. These PDFs embody infor-
mation on the temporal structure of the finescale in-
plume motions. Approximate self-similarity of these
PDFs at the smaller scales implies that the small-scale
structures at all points in a dispersing plume are ap-
proximately geometrically similar. ,

5) With the exception of the correlation scale, con-
centration length scales grow in proportion to the mean
plume width ¢, with downwind fetch. This implies that
the influence of time and space averaging on concen-
tration fluctuations would be reduced with increasing
downwind fetch.
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